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Various techniques have been developed for measuring the droplet size distribution in sprays ob-

tained by pressure injection of a liquid through an orifice @rby air-stream atomization. An optical

method, known as the corona or diffraction ring method, has found limited application to the study

of dreoplet sizes in sprays. This method involves the use of the phenomenon of the diffraction of light around
around a droplet or particle. The theory of the formation of diffraction rings and the experimental
techniques used in applying this method are described. The results of the experiments indicate that

for ma.sy typical sprays the droplet sizes vary so much that the methed is not applicable, However,

some holiow-cone injectors produce sprags which can be analyzed by this method.  Typical resulis

are given for an injector with water injected at varicas pressures. These values for the dropiet

size are comparad with measurements made using the same injector by other methods. Lg
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I. INTRODUCTION AND SUMMARY

Various techniques have been developed for measuring the droplet size distribu-
tion in sprays obtained by pressure injection of a liquid through an orifice or by
air-stream atomization. Perhaps the most widely used method consists of catching
samples of the spray on coated slides or blotting paper or in oil-filled cells, and
counting and measuring the individual droplets. This method involves a large amount of
labor and time. Nevertheless, by its use not only a mean droplet size but also a size
distribution curve can be obtained. Another method uses rotating cylinders of various
diameters (Cf. Refs. 1 and 2). It is applicable only for measuring the size of
airborne droplets moving at known velocities and makes use of known capturing co-
efficients for droplets of various sizes and for cylinders of various sizes. This
method has found extensive application in the measurement of fog particles in airplane
icing studies.

Other more indirect methods have been devised for obtaining a mean droplet size
for sprays. Sauter (Cf. Ref. 3) developed a light absorption method for measuring the
mean droplet radius for airborne sprays obtained in carburation of fuels. At this
Laboratory the method has been applied to the study of sprays injected under pressure
into a moving air stream (Cf. Ref. 4).

Another optical method that has found limited application to the study of droplet
sizes in sprays makes use of the phenomenon of the diffraction of light around a
droplet or particle. This is known as the corona or diffraction ring method. It is
the purpose of this paper to present briefly the theory of the formation of diffrac-
tion rings and to describe the experimental techniques used in applying this method to
the measurement of droplet sizes in sprays. The results of the experiments described
indicate that for many typical liquid sprays the droplet sizes vary so much that the
diffraction ring method is not applicable. However, some hollow-cone injectors pro-
duce sprays which can be analyzed by this method. Typical results are given for
one such injector with water injected at various pressures. These values for the
droplet size are compared with measurements obtained when using the same injector
under somewhat similar conditions and measuring the mean droplet size by other
me thods.

II. THEQRY OF LIGHT DIFFRACTION BY DROPLETS

Whenever a parallel beam of light of wavelength A passes through an optical
grating with a grating space equal to [, the beam will be diffracted through an angle
8 such that

sin 6, =-n%‘- (1)
where n is the order of diffraction. In this case a number of parallel regions of
maximum and minimum light intensity will be formed. If the diffraction grating is
replaced by a large number of small spherical droplets or solid particles of uniform
size, the light will again be diffracted but rings or concentric regions of maximum
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and minimun intensity will be formed. In order that E i
i oy will - Fquation (1) apply fo
?ondltlons some modifications are necessary. If a point source of n)g:oyl . tl‘1e at.)ove is £ i thi i i i i
is observed through a spray consisting of small dropl ) >chromatic light of the droplets formed is frequently within the range for which the diffraction ring
rings will be seen around the light source S rop ehts Of‘unlform size, diffraction method should be applicable. Kuehn applied this method to sprays and found that when he
e O as shown in the sketch below. T observed a light source through various parts of the spray cone, a brightening effect
The P g g
SPRAY occurred but nowhere was he able to detect the definite diffraction rings. He conclud-
Ii! S ed that the droplet sizes in the sprays produced by pressure injection varied so
;l; widely that this optical method was not useful for making measurements.
it At this Laboratory, attempts have been made to measure droplet sizes in sprays
EVE ill from solid-cone injectors using the diffraction method. It was found that no definite
ili 3 diffraction rings could be observed. However, when the experiments were repeated,
, ) using small hollow-cone injectors, the droplets wcre sufficiently small and uni form in
size to permit the observation of very definite diffraction rings.
following expression gives th Tars
the radies of the ntf e rt:n;e,.a:thlor; betiveend‘ﬁn, the angle subtended at the eye by lr IV, EXPERIMENTAL PROCEDURE
. P € aroplet diameter d d
light (Cf. Refs. 5, 6, 7 ’ » and the wavelength of t}
. .5, 6, 7, and 8): the
The setup used at this Laboratory for the production and measurement of diffrac-
sin 6, = (n+0.22) A (2) tion rings in liquid sprays consisted essentially of an injector, a pressurized
d 2 reservoir, a point source of light, and a view camera.
Since the angle & j ) Figure 1 shows a schematic diagram of this setup. The spray was produced by a
the radius o“’; eth 1shvery sma‘ll, sin 8, can be replaced by tan 8. = R /L where R. j Spraco J318D hollow-cone injector with an orifice 0.018 inch in diameter. The reser-
spra e nth dark ring and L is the distance from the nli h(r;l s € “n 1S voir was pressurized from a nitrogen bottle through a pressure regulator. The spray
Yf.fquat' (2) & ource to the receiving tank was vented at the bottom in order to reduce air turbulence around the
1on can then be written i s
pray cone.
The light source used for preliminary visual observations of the diffraction
d = (n40.22) \ _ (n+0.22) \ L phenomenon was a 2-watt Western Union concentratcd arc lamp. For photographic purposes
sin 6, R (3) a monochromatic light source was obtained by using g Wratten No. 62 green filter with
" a mercury arc lamp. Inthis way, light from the 5461 A line of mercury was obtained. In
i}f W::te ld1ght is usefl instead of monochromatic light, various col ‘ ‘ order to obtain an approximate point so:f'ce},1 the llght‘ %‘rom the inf‘:c‘ur)‘r larclwais
pear, and the analysis becomes more complicated ) colored rings will gogge{ltr;tfsd,d‘by means of a lens, upon a diaphragm containing a small circular hole
‘ .03 inch in diameter.
111, A 5x7-inch view camera with an 18-inch focal length Zeiss Tessar ‘lens was
DIFFRACTION RING METHOD used to photograph the diffraction rings. The camera and light source were intercon-
The diffracti ; . ted that whenever the camera was moved in order to photograph the diffraction
thae i raction ring method of measuring droplet si . nec .e so th eneve tion b d lieh
at 1t 1s simple to use and does not di zes 1n sprays has the advantage pattern through various parts of the spray, the relation between camera and 11g t
case when samples are removed. This hlsturb the spray pattern in any way as is the source remained fixed. Several photographs could be obtained on the same negative by
droplets are too large, t'-he.am le meft gc‘i, _hOWeV_er, h'f\s definite lindtations. If the merely moving the film holder between successive exposures. lhe magnification of the
measurements cannot be made. F %1 of diffraction will be so small that accurate camera was checked by photographing diffraction patterns obtained through diffraction
of arc. If the droplet SiZe.ap;:an;:pletz 0.4 mn in diameter & would be only about 5’ gratings of known constants.
disappear and the Tyndall effect a os the Wavel‘ength of light, the diffraction rings Visually as many as four or five orders of diffraction rings have been observed
1s valid only for values of d>0 I(;I(’)ears. According to Mecke (Cf. Ref. 7) Fquation (3) when viewing a monochromatic light source through a spray. The intensity of the outer
greatly, the discrete rings will.d'g mm. If the droplet sizes in the spray vary too rings was so low that they could not be photographed without t‘)verexpf)sing‘the film by
light snrurce, 1sappear and only a bright halo will surround the the inncr rings. Figure 2 shows cxamples of photographs of diffraction rings. These
Bock (Cf. Ref. 9) used thi were obtained through different sections of the same spray cone: (a) at a distance of
formed when a Jet of stea;] Waslilmethod to measure the size of the water droplets 9 inches from the center, (b) at a distance of 3 inches from the center, and (c) at a
ranging from 0.0034 to 0.0046 mm HOthlnto free air. He measured droplet diameters distance of 4 inches from the center. All three were taken 7 inches downstream of the
commonly average about 0.005 rrm. a:g'pKreYs (C‘f. I'Ref. 6) reported that cloud droplets injector. It will be noted that the size of the ri:ngs increases as the center of the’.
than Humphreys’ measurements f.[n s vehn ((_,f: fef. 5) gave values somewhat larger spray is approached, indicating that the droplet sizes decreasc. At the very center oi
. Prays obtained by pressure injection, the size ‘ the cone no distinct rings could be observed. For each of these photographs the
Page 3
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injection pressure was held at 100 psi. The photographs were made on Super XX film with
an exposure time of 3 minutes.

Two methods were used to obtain the radius of the diffraction rings from th
photographic negatives. The positions of maximum and minimum intensity were estimat Z
on the negatives, and the radii of the rings obtained by the use of calipers The‘2
method was rather highly subjective. A plot of the density variations along a di. o
of the rings was then obtained with a Leeds and Northrup microdensitometer Fiameter
shows these plots of the negative density as a function of the distancé frfureh3
center of the rings. These microdensitometer curves were obtained from the : E :
graph}c negatives corresponding to the photographz in Figure 2. The ordinate Eoo o
spond%ng to the density is plotted on a logarithmic scale, The points A, corres Zre-
the first dark ring and A, to the second dark ring. According to the miérodensison -
record ng. Fig. 3), what appears to be a darker ring in Figure 2 is merely an Ogeter
change in the density, not really a region of minimum density in the origina{ n iy
Curye b 9f Figyre 3 shows some indication of the existence of rings of minggatlveé
maximum intensity. llowever, all the other records obtained were similar to tﬂitean

and ¢ of Figure 3. The appearance of distinct dark and light rings in th s a 8 inches downstream fromthe injector. The mean droplet diameter under these conditions
in Figure 2 is apparently due mainly to a visual response t ¢ lnbt © photographs was found to be 58 u, and the maximum of the distribution curve occurred at about
intensity. The diameters Dy and Dy of the first- and s;zondiorg and?f;uPt.chanse n 34 u. Figure 6 shows the distribution curves obtained by the above method. The mean
respectively, can be measured from the curves and the droplet i:;z:'c:f:tfor ;12351 droplet diameter obtained under the same conditions but measured by the light ab-
: ves ulated from i i 5
Equation (3). The values for D, were more difficult to determine than the values for sorption method using a photometer was found to be about 55 p. The values for the mean ;

bl from the microdensitometer records.

V. RESULTS OF DROPLET SIZE MEASUREMENTS

g é:enzzzir;igégii?t1;::1ve data have been obtained using the photographic method
ey ot pointi ) ;. : otographs were taken of the diffraction rings through the
oy v Poines 22,3, 4, ang § 1§ches from the axis of the cone and 7 inches
Dhotoprons o t:ﬁgﬁci;:;u2£e31;iigtlgn‘prﬁssu;e wash:ept constant at 100 psi. Then
C vere ta inches from the axis of the spr i

;zzz;ggn:?so;:gectlig pressure from ?0 to 175 psi. The negatives were ﬁeiﬁuﬁzgeb:hz;z
horogen Obtaigzz t?xiigf c?ffespondlng droplet size was calculated. Table] summarizes
i b firsél de i; culaFed values of the droplet diameter d: column 4, the
radii op crrgiirst :iier ?rk ring as measured by a caliper; columns 5 and 6, the
rerodonsshey Laxs recn d.second-order dark rings, respectively, as obtained from the
colun 4; ey e Z; ,dc;lumn 7, the droplet diameters obtained from the data in
5 and 6. respartin] .an l, the droplet diameters obtained from the data in columns
veraging the el ly; Cf umn 10, values for the droplet diameters obtained by
cetimt i e variou:?fgo umns 7 and 8. IF will be noted that the values obtained by
rather ol coely wink 1rst-o?der dark rings and measuring them with calipers agree

y with those obtained by use of the microdensitometer. Since the second-

Order dliiractlon r d M
l"gS are indistinct thel! dlametEIS are uncertain Ihe Halues 0£
2
calculated Irom tlleSe dla.meters Wlll dlSO be uncertain

In Figure 4 are plotted the dropl
the spray cone.

Figures 2 and 3.
droplet size for a

et diameters as a fi ] iti
These data & function of the position in
correspond t ; .
In Figure § is slp Y teStS‘30, 31, and 32 in Table I and to
e A hown the relation between injection pressure and
p 1on 2 inches from the center of the spray cone.

[=—=-="
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VI. CONCLUSIONS

‘The values obtained for the droplet sizes by the diffraction ring method are
consistent and reproducible. However, the sprays for which the values were obtained
were not homogeneous. Thus the exact significance of the droplet diameter as obtained
by this method is not clear; i.e., whether it is a mean* diameter or the diameter of
the droplets representing the maximum in the distribution curves obtained when the
number of dréoplets in a spray sample is plotted against the diameter.

Table I shows that for an injection pressure of 100 psi the droplet diameter 2
inches from the center of the spray and 7 inches downstream of the injector was found
to be 81.7 u by the diffraction ring method. A size distribution curve was obtained
for the same injector under the conditions where the water spray was injected into an
air stream in a 3-inch duct. The injection pressure was 100 psi and the air velocity
20 ft/sec. Samples of the spray were collected on small smoked slides passed rapidly
across the duct, and the droplets were counted and measured. The samples were taken

droplet diameter as obtained by the last two methods is a volume-to-surface area mean.

These results seem to indicate that the values obtained for the droplet sizes by
the diffraction ring method do not agree very well with either those obtained for the
mean droplet size by other methods or with the maximum in the distribution curve. This
difficulty does not necessarily indicate that Equation (3) is incorrect but perhaps
that it is restricted in its use to applications where the droplets are of fairly
uniform size. It was not possible to test the diffraction ring method under such ideal
conditions.

For the heterogencous types of sprays obtained by pressure injection of liquids
through an orifice, this method can be of definite value in obtaining a qualitative
comparison of the droplet sizes for various injection conditions. When more data are
available, perhaps some correlation can be found between the quantitative values for
droplet sizes in sprays obtained by the diffraction ring method and those obtained by
the use of the other méthods.

*The term mean droplet diameter in a spray sample needs defining. A number of
different definitions can be used depending upon the property of the spray in which
one is interested. In combustion studies the ratio of the volume of the droplets to
their surface area is an important property of a fuel spray. If the droplets in a
sample of such a spray can be separated into a number of groups each containing i,

i i be defined as S(i d 3)/5(i d %)
droplets of diameter dr,the mean droplet diameter can be de . P45
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